[1] The role silicate-liquid immiscibility plays in the formation of macro-scale, bimodal volcanic/plutonic igneous complexes, and Fe-Ti oxide deposits is debated as the rock compositions produced by immiscibility are similar to those produced by other petrological processes. Within the flows of the North Mountain basalt of the Central Atlantic Magmatic Province are centimeter-thick granophyre layers. The granophyre layers are a mixture of mafic (i.e., ilmenite, magnetite, ferroaugite, plagioclase, stilpnomelane, ferrorichterite) and felsic (i.e., sanidine, quartz) minerals and highly siliceous (>75 wt% SiO 2 ) mesostases. Petrological modeling indicates that the siliceous mesostasis 1 sanidine 1 quartz 6 ferrorichterite represents a Si-rich silicate immiscible melt whereas the ferroaugite 1 plagioclase 1 stilpnomelane represent the Fe-rich silicate immiscible liquid. The identification of naturally occurring silicate-liquid immiscibility at scales greater than micron level is an important observation which may be useful in identifying volcanic and plutonic rocks which formed by macro-scale silicate-liquid immiscibility.
Introduction
[2] Silicate-liquid immiscibility or ''magma unmixing'' is postulated as a possible process for the development of cogenetic suites of basic and acidic igneous rocks in ophiolites and continental volcanicplutonic complexes [Dixon and Rutherford, 1979; Eby, 1980; Ferreira et al., 1994; Jakobson et al., 2005; Veksler et al., 2007; Namur et al., 2011; Charlier et al., 2011; Charlier and Grove, 2012] . Experimental studies and micron-scale petrographical evidence of silicate-liquid immiscibility are documented within lunar and terrestrial igneous rocks but whether or not large-scale bimodal volcanic/plutonic complexes and Fe-Ti oxide deposits can form by silicate-liquid immiscibility in nature is uncertain [Roedder, 1951 [Roedder, , 1979 Roedder and Weiblan, 1970; Watson, 1976; Philpotts, 1976 Philpotts, , 1982 Duchesne, 1999] . The main problem identifying igneous rocks produced by silicateliquid immiscibility is that their major element compositions are similar to rocks produced by other petrological processes (e.g., fractional crystallization, partial melting) although rocks produced by silicate-liquid immiscibility are expected to have very different trace element abundances [Watson, 1976; Roedder, 1978 Roedder, , 1979 . In basaltic systems, water tends to suppress plagioclase crystallization while promoting Fe-Ti oxide crystallization thus preventing Fe-enrichment in the residual liquid and reducing the likelihood that the field of silicate-liquid immiscibility will form [Charlier and Grove, 2012] . Nonetheless, silicateliquid immiscibility is considered to be an important process during the formation of some layered intrusions (i.e., Skaergaard, Sept Iles, Panzhihua) and possibly contributed to the development of oxide-ore deposits but this remains disputed [Philpotts, 1967; McBirney, 1975; Kolker, 1982; Duchesne, 1999; Jakobsen et al., 2005; Charlier et al., 2011; Charlier and Grove, 2012; Zhou et al., 2013] .
[3] After an early, extensive period of crystal fractionation, a mafic tholeiitic or alkalic magma may enter the two silicate immiscibility field of the K 2 O-FeO-Al 2 O 3 -SiO 2 phase diagram [Roedder, 1951; Philpotts, 1976 Philpotts, , 1979 Philpotts, , 1982 . The experimental results show that the high field strength cations (i.e., P, REE, Ta, Ti, Mn, Mg, Sr, and Ba) will partition into the less polymerized Fe-rich silicate immiscible melt rather than the Si-rich melt [Watson, 1976; Ryerson and Hess, 1978; Veksler et al., 2006] , a situation which is nearly the opposite of crystal fractionation. The extent to which silicate immiscibility can be identified in terrestrial plutonic rocks may be more difficult than their volcanic counterparts considering the difference in cooling rates. In fact other magmatic processes in plutonic rocks may ''overprint'' features of immiscibility, such as: gravitation settling, equilibrium/ fractional crystallization or layering processes (i.e., double diffusion) which may not be as efficient in lavas as they are in magma chambers.
[4] One of the best localities to study silicateliquid immiscibility within volcanic rocks is the North Mountain basalt of the Central Atlantic Magmatic Province (CAMP) in Nova Scotia. Nearly a hundred years ago, Bowen [1916] cited the North Mountain basalts as an example of differentiation of mafic magmas which was based on the work by Powers and Lane [1916] and Powers [1916] . Studies by Dostal [1992a, 1992b] , Dostal and Greenough [1992] , Kontak et al. [2002] , and Kontak and Dostal [2010] have shown that there are centimeter-thick granophyric layers or pipes within the upper flows of the North Mountain basalts. Kontak et al. [2002] identified petrographic evidence (i.e., ocelli) of silicateliquid immiscibility in the North Mountain basalt thus it is possible that the granophyre may represent a larger scale expression of immiscibility than the previously identified ''micron-scale'' evidence. Furthermore, Philpotts [1979] and Philpotts and Doyle [1983] identified silicic mesostases within CAMP basalts from Connecticut as being produced by silicate-liquid immiscibility. In this paper, we present new mineral chemistry, whole rock elemental and isotope data of the granophyric layers within the basalt flow in order to determine whether or not the differentiation that occurred in the North Mountain basalt can be attributed, in part or wholly, to silicate-liquid immiscibility.
Geological Background
[5] North Mountain basalts (NMB) of Nova Scotia form the northernmost part (with an exception of the Avalon dike of Newfoundland) of the early Mesozoic Central Atlantic Magmatic Province (CAMP). CAMP tholeiites crop out along the eastern margin of the North America from South Carolina to Nova Scotia and Newfoundland ( Figure  1 ). The rocks are related to an extensive magmatic event which took place at 200 Ma [Hodych and Dunning, 1992; Kontak and Archibald, 2003] and lasted for 580 ka [Olsen, 1997; Olsen et al., 1998; Kontak, 2008; Jourdan et al., 2009] . The magmatic activities were connected with lithospheric extension associated with the initial stages of the opening of the Atlantic Ocean. The North Mountain basalts were emplaced in the Bay of Fundy graben that runs parallel to the continental margin of North America. The lava flows crop out for about 200 km along the southeastern shore of the Bay of Fundy and are also exposed along the north shore of Greenough and Papezik, 1987] . The thickness of the NMB decreases from the southwest (400 m around Digby) to the northeast (275 m near Cape Split) [Papezik et al., 1988] . The subaerial basalts were emplaced just above the Triassic-Jurassic boundary [Olsen et al., 1987] and conformably overlie the Mesozoic continental sedimentary rocks which lie unconformably on Carboniferous and older rocks. The basalts are in turn unconformably overlain by Mesozoic sediments.
[6] According to the superposition, geochemical data and nature of the flows, the NMB is usually subdivided into three units: the lower massive flow (40-185 m thick), the middle amygdaloidal flows (several flows up to 20 m thick, totaling 9-165 m) and the upper massive unit (1-2 flows, totaling 9-165 m) [Kontak et al., 2005] . The lower and upper units are composed of massive basalts with microcrysts of plagioclase and pyroxene (augite >> pigeonite) with variable amounts of mesostases. The upper unit has typically higher contents of mesostases than the lower unit and contains pegmatitic layers Dostal, 1992a, 1992b ]. The mafic pegmatitic (i.e., 2-4 mm long crystals) layers are 10-60 cm in thickness and interlayered with 80-180 cm thick coarse grained (i.e., 1.5-2 mm long crystals) basalts [Greenough and Dostal, 1992b] . In the middle of the pegmatitic layers are 1-4 cm thick, fine grained, sinuous granophyric layers which form sharp contacts with the pegmatite. The middle unit is readily recognizable due to numerous amygdules and vesicles and resembles recent pahoehoe flows [Kontak et al., 2005] . The basalts are fine grained and massive when not strongly vesiculated. There are also some regional variations where by the basalts from southwestern part at Digby area are more mafic than those from around Cape Split. In addition to chemistry [Dostal and Greenough, 1992] , these regional variations are also observed in mineralogy. The clinopyroxenes are more abundant and coarser at the southwestern part where orthopyroxene is also present compared to the northeastern part [Kontak et al., 2005] .
[7] Geochemistry of North Mountain basalts show that the rocks are quartz-normative continental tholeiites which were affected by crustal contamination probably within the lower crust . The basalts have been inferred to be derived from subcontinental lithospheric mantle within the spinel stability field Murphy and Dostal, 2007; Murphy et al., 2011] . , albite for Na (TAP), orthoclase for K (PET), apatite for P (PET), and fluorite for F (TAP). The X-ray peak counting times for the upper and lower baselines of each element were 10 s and 5 s, respectively. Standards run as unknowns yielded relative standard deviations of <2% for F and P, <1% for Si, Na, and K, and <0.5% for other elements. Detection limits were <0.5 wt% for F and P and <5-600 ppm for other elements. The complete data set is located in supporting information Table S1 1 .
Wavelength Dispersive X-ray Fluorescence
[9] Rock samples were cut into small pieces using a diamond-bonded steel saw and were then crushed in a steel jaw crusher. The crusher was extensively cleaned after each sample with deionized water. The crushed samples were pulverized in an agate mill until the suitable particle size was obtained. The samples were then heated to temperatures of 110 C and 900 C, respectively, to determine loss on ignition (LOI). Lithium metaborate was added to the oxidized samples and fused to produce a glass disc using a Claisse M4 fluxer. The major oxide concentrations were determined by WD-XRFS using a PANalytical Axios mAX spectrometer at National Taiwan Normal University in Taipei. The accuracy of the XRF analyses are estimated to be 62% for major oxides which are present in concentrations >0.5%.
ICP-MS Trace Element Geochemistry
[10] All trace elements were analyzed using an Agilent 7500cx inductively coupled plasma mass spectrometer (ICP-MS) at National Taiwan University, Taipei, Taiwan. Approximately 20 mg of powder from each sample was digested in a Teflon beaker using a combination of HF, HNO 3 , and HCl. Initially, samples were heated in closed beakers with HF and HNO 3 for at least 2 days and then dried. Two milliliters of 6 N HCl was added to each sample and then left to dry. This step was repeated. An additional 2 ml of 1 N HCl was added to each sample and then the sample was centrifuged. The supernatant was extracted from each beaker into a new one. If there was solid residue left in the beakers then the procedure was repeated until all samples were fully digested. Samples were diluted using 2% HNO 3 and an Rh and Bi spike was added for the internal standard. The standard reference material used for this study is AGV-2 (andesite), BCR-2 (basalt), BIR-1 (basalt), and DNC-1 (dolerite). The precision for the trace element results are better than 65%.
Thermal Ionization Mass Spectrometry
[11] Approximately 75-100 mg of whole-rock powder was dissolved using a mixture of HFHClO 4 in a Teflon beaker at 100 C. In many cases, the same procedures were repeated to ensure the total dissolution of the sample. Strontium and REEs were separated using polyethylene columns with a 5 ml resin bed of AG 50W-X8, 200-400 mesh. Neodymium was separated from other REEs using polyethylene columns with an Ln resin as a cation exchange medium. Strontium was loaded on a single Ta Nd. The measured isotopic ratios for JMC Nd standard is 0.511813 6 0.000010 (2r m ) and NBS987-Sr is 0.710248 6 0.00001 (2r m ). The complete data set is in supporting information Table S2 .
Results

Electron Probe Micro Analysis
[12] The granophyric layers are fine-grained (<0.5 mm) and contain granular plagioclase, alkali feldspar, and acicular quartz. There are a number of mafic minerals in the layers including subhedral to anhedral magnetite and ilmenite, stilpnomelane, ferrorichterite, ferroaugite, and accessory amounts of apatite. The plagioclase ranges in composition from An 56 to An 33 although two crystals from MH12-001 samples have oligoclase (i.e., An 18-19 ) compositions. The alkali feldspar is sanidine and has compositions of An 1-3 Ab 30-57 Or 40-69 . The two pyroxenes identified are augite and ferroaugite. The augite (Wo 33-38 En 31-38 Fs 25-36 ) has higher magnesium, aluminum (Al 2 O 3 5 1.3 wt% to 1.7 wt%) and titanium (TiO 2 5 0.7 wt% to 1.1 wt%) and lower iron and calcium than the ferroaugite (Wo 38-40 En 10-18 Fs 44-50 ; Al 2 O 3 5 0.4 wt% to 0.7 wt%; TiO 2 5 0.3 wt% to 0.8 wt%). The magnetites contain between 5.4 wt% and 12.8 wt% TiO 2 and can be classified as titanomagnetite. The ilmenite contains between 35.4 wt% and 51.1 wt% total iron and 45.0 wt% to 56.2 wt% TiO 2 . The MnO content is variable (MnO 5 0.5 wt% to 12.9 wt%) whereas the MgO content is <1.5 wt%. The apatites are fluorine-rich.
[13] Interstitial to the plagioclase and pyroxene crystals is a microcrystalline, tan colored siliceous mesostasis [Greenough and Dostal, 1992a] . The mesostasis are amorphous and have a wide range in composition (Table 1) . The most ''primitive'' mesostasis analyzed (i.e., C2-59) has 72.7 wt% SiO 2 whereas the most evolved mesostasis contains 88.2 wt% SiO 2 but even higher values (SiO 2 >90 wt%) are reported by Kontak and Dostal [2010] . The alkalis and alumina decrease with increasing SiO 2 whereas TiO 2 (i.e., 0.01-0.13 wt%) and FeOt (i.e., 0.37-0.97 wt%) are nearly constant and show no discernible trends with respect to SiO 2 . The remaining major elements have either very low abundances (i.e., MgO and MnO) or are variable (i.e., CaO and P 2 O 5 ). The full mineral and mesostasis chemistry can be found in supporting information (Table S1 ).
Whole Rock Elemental and Isotope Data
[14] The granophyre layers collected from the North Mountain basalt at McKay Head for this study are moderately silicic (i.e., SiO 2 5 57.5 wt% to 60.3 wt.%), metaluminous (i.e., Al/Na 1 Ca 1 K < 1, Na 1 K/Al < 1) and have low to moderate Mg# of ) 3 100]). The whole rock major and trace elemental compositions of the granophyres fall within the andesite field of classification diagrams ( Table 2 ). The chondrite normalized rare earth element patterns of the silicic rocks show light REE enrichment (La/Yb N 5 4.9 to 5.4) and slightly negative Eu-anomalies (Eu/ Eu* 5 0.75-0.81) whereas the primitive mantle normalized plots show depletion of Ba, Nb, Sr, and Ti [Sun and McDonough, 1989] . The composition of the granophyres from this study is slightly more mafic than those reported by Greenough and Dostal [1992b] (Figure 2 ).
[15] The Sr-Nd isotope analyses are calculated to their initial values based on the reported The calculated induce error in the I Sr values is negligible (i.e., <0.00010) suggesting that Rb-Sr mobility is not a significant concern and thus the samples were not affected by hydrothermal alternation [Jahn, 2004] (Table S2) .
MELTS Modeling
[16] The petrological evolution of magmas can be modeled using the program pHMELTS [Ghiorso and Sack, 1995; Smith and Asimow, 2005] . pHMELTS and its derivative software are calibrated to the SiO 2 -TiO 2 -Al 2 O 3 -
system. The software allows the user to control intrinsic thermodynamic parameters such as pressure (bars), water (wt%) content and the relative oxidation state (×O 2 ) of the magma that is being modeled. Here we model fractional crystallization of three compositions: (1) basalt from McKay Head, (2) siliceous mesostasis from the granophyre (C2-59), and (3) a Si-rich immiscible liquid composition reported by Philpotts [1982] in order to assess the chemical evolution of the liquids that are produced.
McKay Head Basalt Models
[17] For this study, the basalt at McKay Head (i.e., MCK1) reported by Greenough and Dostal [1992a] was selected as representative of the volcanic rocks which erupted in the area. Sample MCK1 is typical of the continental tholeiites at McKay Head and within the upper flow of the North Mountain basalt [Dostal and Greenough, 1992; Greenough and Dostal, 1992a] . The primary purpose of the basalt modeling is to determine if it can produce compositions equal to the pegmatite layers found within the volcanic pile. The modeling conditions are low pressure (i.e., 1 bar), water content of 0.5 wt% and a relative oxidation state equal to the FMQ (fayalite-magnetitequartz) buffer. The relative oxidation state of the basalt was determined using the Fe 31 /Fe 21 ratio method of Kress and Carmichael [1991] assuming a low pressure (i.e., 1 bar) and eruption temperature of 1150 C.
[18] The modeling results show that olivine (Fo 79 ) and plagioclase (An 72 ) are the first minerals to crystallize when the temperature reaches 1170 C but by the time the temperature drops to 1150 C the olivine has stopped crystallizing (i.e., the rock is silica oversaturated) and is replaced by clinopyroxene (i.e., augite) as the only mafic silicate mineral whereas plagioclase (An 68 ) continues to crystallize at ever decreasing An content. Magnetite-structured titanium-rich spinel then crystallizes as temperatures reach 1090 C. The residual liquid composition of the model actually matches the bulk composition of the pegmatite layers when the temperature reaches 1140-1150 C which equals 30% crystallization (Figure 2 ).
Siliceous Mesostasis Model
[19] We selected sample C2-59 from Table 1 to model because it is the most ''primitive'' sample of the siliceous mesostasis and best resembles the Si-rich immiscible silicate-liquid reported by Philpotts [1982] . We use the same pressure and oxidation state as the basalt models but we choose to run the models at anhydrous conditions because there is no indication of the bulk water content of the mesostasis. The modeling results show that alkali feldspar (i.e., An 1 Ab 47 Or 52 ) dominates the early to middle crystallization history as it is the only mineral to crystallize from 1070 C to 940 C (i.e., 50% crystallization). Quartz begins to crystallize at 930 C followed by titanomagnetite at 910 C and fayalite (Fo 0 ) at 900 C.
Silicic Immiscible Liquid Model
[20] The Si-rich immiscible silicate-liquid 13 from Table 1 was selected because it resembles mesostasis sample C2-59 and its parental magma composition is similar to sample MCK1 (Table 1) . The same modeling parameters for sample C2-59 are used to model sample 13. Alkali feldspar (An 3 Ab 50 Or 47 ) crystallizes first at 990 C followed by Ti-rich spinel (i.e., titanomagnetite) at 950 C and quartz at 910 C. During the later stages (i.e., <910 C) of crystallization, plagioclase (An 28 ), fayalite (870 C) and ilmenite crystallize (860 C). Philpotts [1982] whereas the blue field is the range if Si-rich immiscible liquids from Charlier and Grove [2012] . Additional data of the granophyres bands, pegmatites, and basalts are from Geenough and Dostal [1992a] . All data including MELTS models are plotted as anhydrous.
Discussion
Magmatic Conditions for SilicateLiquid Immiscibility at McKay Head
[21] The magmatic conditions for two silicateliquid immiscibility include the following criteria: (1) ideally low pressure (0.3 kbar) so that plagioclase dominates early crystallization to enrich the residual liquid in iron, (2) temperatures between 1000 C and 1285 C although there are few experimental constraints at >1200 C [Philpotts, 1972 [Philpotts, , 1978 Hess et al., 1975; Visser and van Groos, 1979; Philpotts and Doyle, 1980; Hurai et al., 1998; Charlier and Grove, 2012] , and (3) a relatively dry, bulk magmatic system which ideally but not necessarily is enriched in TiO 2 , P 2 O 5 , and alkalis [Yoder, 1973; Freestone, 1978; Philpotts, 1979 Philpotts, , 1982 Charlier and Grove, 2012] .
[22] The magmatic conditions of the basaltic rocks at McKay Head indicate that they were suitable for immiscibility. First, the reported maximum surface thickness of the North Mountain basalt is 400 m which thins to 275 m near McKay Head. The fact that the basalts at McKay Head erupted means the depth of emplacement and crystallization was at or very near atmospheric pressure. Second, the paucity of hydrous minerals such as amphibole or mica in the North Mountain basalts and the presence of quartz and alkali (sanidine) feldspar in the granophyres suggests magmatic water content was probably similar to typical continental tholeiitic (i.e., H 2 O 5 0.4 wt% to 0.6 wt%) magmas during eruption [Danyushevsky, 2001 ]. However, recent experimental work suggests water may play a role in stabilizing the liquid-phase separation in some water-rich silicate magma systems at 200 MPa [Lester et al., 2013] . The estimated eruption temperature for crystal free lava equal to the basalts at McKay Head calculated using pHMELTS is no higher than 1170 C, assuming bulk water content of 0.5 wt%. The calculated crystal-free temperature is above the temperature required for immiscibility at anhydrous and low pressures conditions but there is insufficient experimental work to rule out the possibility that silicate immiscibility cannot occur at higher temperatures [Charlier and Grove, 2012] .
[23] Parental magmas do not ''unmix'' immediately upon eruption but rather they undergo an early stage of crystallization or crystal fractionation which drives the residual liquid composition toward conditions of immiscibility [Freestone, 1978] . There is evidence for early fractional crystallization within the McKay Head flow. Figure 2 shows Harker diagrams of the basalts, pegmatites, silicic bands and mesostases. The Harker diagrams clearly show that Fe 2 O 3 , TiO 2 , and P 2 O 5 increase whereas Al 2 O 3 , MgO, and CaO decrease with increasing SiO 2 . The alkalis (i.e., Na 2 O and K 2 O) increase modestly with increasing SiO 2 . MELTS modeling using the basalt composition from McKay Head (i.e., sample MCK1 from Greenough and Dostal [1992a] ) confirms that fractionation of clinopyroxene and plagioclase (An 72-65 ) occurred before liquid compositions reached that of the pegmatites. Plagioclase compositions reported by Dostal and Greenough [1992] from the North Mountain basalt are very similar to the modeled crystal compositions (i.e., An 72 ). The fact that plagioclase fractionated relatively early in the system suggests that water content was not particularly high because water suppresses the crystallization of plagioclase in favor of mafic silicate minerals [Sisson and Grove, 1993; Botcharnikov et al., 2008] . When the residual liquid composition of the MELTS model reaches that of the pegmatite (i.e., 30% solid, 70% liquid), the temperature is still relatively high at 1150-1140 C but perhaps most importantly the remaining liquid is relatively enriched in Fe, Ti, P, and alkalis (Figures 2 and 3) .
[24] Experiments show that the field of immiscibility will expand with increasing oxygen fugacity [Philpotts and Doyle, 1983; Naslund, 1983; Vicenzi et al., 1994] . The relative oxidation state of a magma will govern the timing of crystallization and composition of Fe-Ti oxides within the system [Buddington and Lindsley, 1964; Toplis and Carroll, 1995] . If the relative oxidation state of a mafic magma is higher (e.g., NNO buffer) during the early stages of crystallization then magnetite or titanomagnetite will crystallize early and prevent subsequent Fe-Ti-P enrichment and therefore diminishes the likelihood that immiscibility would occur. We estimated the relative oxidation state of the pegmatite and the granophyric layers using magnetite-ilmenite pairs [Anderson et al., 1993] . Ilmenite and magnetite compositions from the pegmatite reported by Greenough and Dostal [1992b] indicate that they crystallized near the FMQ buffer (i.e., DFMQ 1 0.8). In comparison the ilmenite and magnetite pairs within sample MH12-002 have the largest range from DFMQ 20.4 to 11.7. Additionally, the calculated fO 2 for the basalts at McKay Head using the method of Kress and Carmichael [1991] , assuming temperatures of 1150 C at surface pressure, gave values at the FMQ buffer. The results suggest that the relative oxidation state of the parental magma was not extremely oxidizing as it is within the range (i.e., FMQ 6 2) of the mantle but it is interesting that it appears to have increased from DFMQ 10.8 in the pegmatite to DFMQ 11.7 in the granophyric layers which is more favorable for two silicate-liquid immiscibility [Arculus, 1985; Kasting et al., 1993; Frost and McCammon, 2008] . Therefore, we conclude that the magmatic conditions at McKay Head were suitable for silicateliquid immiscibility to occur.
Origin of the Granophyric Layers
[25] The granophyres are composed of two distinct components, minerals and siliceous mesostasis. It is highly unlikely that that the granophyres represent a distinct magma or postmagmatic feature largely due to their location within the basalt flow and the fact that the Sr and Nd isotopes (i.e., eNd (T) 5 21.5 to 21.7; I Sr 5 0.70613 to 0.70627) overlap completely with the North Mountain basalts and CAMP basalts [Jones and Mossman, 1988; Greenough and Dostal, 1992b; Pe-Piper et al., 1992; Dostal and Durning, 1998; Murphy et al., 2011] . The major issue is whether the minerals and mesostases are from one silicate liquid or two.
[26] Previous studies by Greenough and Dostal [1992b] and Kontak and Dostal [2010] suggested that the granophyric rocks formed by fractional crystallization and subsequent filter pressing to concentrate a residual silicic liquid to form the layers and pipes observed in the upper flow. The fractional-filtering interpretation is consistent with the bulk compositions of the granophyres because Si-rich silicate-liquid immiscible compositions reported by Philpotts [1982] and Charlier and Grove [2012] are extremely depleted in MgO (Figure 2) . The granophyres have between 1.7 wt% and 5.0 wt% MgO whereas siliceous immiscible liquid compositions have very low MgO (i.e., <1.4 wt%). The highest reported MgO content by Charlier and Grove [2012] is 1.4 wt% in a sample (i.e., SI-13) with 60.4 wt% SiO 2 . The contradiction in MgO content implies that the bulk rock composition of the granophyric layers cannot represent an immiscible silicate liquid unto itself. However, the composition of the granoiphyres fall between the mafic pegmatites reported at McKay Head and the mesostases indicating a mixing relationship. The best fit mixing line shown in Figures 2 and 3 indicates that the granophyres represent between 10-70% silicic mesostasis and 90-30% minerals (i.e., augite, ferroaugite, stilpnomelane, apatite, plagioclase, ilmenite, magnetite, quartz, and alkali feldspar).
[27] The silicic mesostases analyzed in this paper bear some resemblance (i.e., Ca, Na, K) to reported Philpotts [1982] whereas the blue field is the range if Si-rich immiscible liquids from Charlier and Grove [2012] . Additional data of the silicic bands, pegmatites, and basalts are from Geenough and Dostal [1992a] . All data including MELTS models are plotted as anhydrous.
immiscible siliceous liquids but overall there are some differences (i.e., Ti, Fe). The mesostases tend to have high to very high Si (i.e., >75 wt%) and very low Fe (i.e., Fe 2 O 3 <2 wt%) and Ti (i.e., TiO 2 <0.2 wt%) whereas the Si-rich immiscible compositions reported by Philpotts [1982] and Charlier and Grove [2012] tend to have lower Si (i.e., SiO 2 <75 wt.%) and higher Fe (i.e., Fe 2 O 3 >2 wt%) and Ti (i.e., TiO 2 >0.25 wt%). Sample C2-59 has the lowest SiO 2 content and is most similar to the data reported by Philpotts [1982] but it is deficient in Fe and Ti. The compositional differences between the mesostases and the Si-rich composition may simply be due to crystallization of Fe-Ti oxide minerals, quartz and sanidine. Therefore, it is possible that the silicic mesostasis represent Si-rich immiscible liquids that originally formed at lower SiO 2 contents (i.e., SiO 2 70 wt%) and subsequently crystallized other minerals, such as alkali feldspar. The effects of alkali feldspar crystallization on the mesostases are seen in Figure 2 . If we assume the Fe and Ti contents of C2-59 were higher or at least equal to sample 13 in Table 1 and back calculate the composition then the original liquid falls close to the immiscibility field (Figures 2 and 3 ).
[28] If the immiscible silicic liquid equals a composition similar to sample C2-59, the first mineral to crystallize, based on MELTS models, would be sanidine (An 1 Ab 47 Or 52 ) at 1070 C followed by quartz at 930 C and titanomagnetite at 910 C. In comparison, if the silicic immiscible composition 13 (Table 1) from Philpotts [1982] is used, the first mineral to crystallize is sanidine (An 3 Ab 50 Or 47 ) at 990 C followed by titanomagnetite at 950 C and quartz at 910 C. The fact that quartz and morepotassic alkali feldspar (An 1 Ab 33 Or 66 ) are found in contact with the silicic mesostasis in the granophyre suggests that they may have crystallized from a liquid similar to the original mesostasis liquid which has further differentiated to even higher silica values (i.e., >80 wt%) after its initial formation. The observed alkali feldspar compositions overlap completely with the modeled compositions thereby corroborating the MELTS models. In addition, minerals analyzed in the granophyre, such as plagioclase and ferroaugite, would not crystallize from a magma equal to a Si-rich immiscible liquid. In other words, there would be no plagioclase or ferroaugite thus some of the silicic (i.e., lower SiO 2 analysis) mesostases are probably closer to actual immiscible silicic liquids whereas other mesostases (i.e., SiO 2 >75 wt%) represent evolved immiscible silicic compositions after crystallization of alkali feldspar and quartz.
[29] The presence of ferrorichterite and stilpnomelane within the granophyre may be supportive of silicate-liquid immiscible separation. Stilpnomelane is commonly found within metamorphosed banded iron formations but not basaltic rocks [Miyano and Klein, 1989] . It is very likely that the stilpnomelane formed when the residual basalt liquid was becoming Fe-rich. Iron-rich immiscible silicate-liquids are relatively depleted in Al (i.e., 3.1 wt% in sample 13 from Philpotts [1982] ) and will require a host mineral thus stilpnomelane and possibly ferroaugite may be indicator minerals for the formation of Fe-rich immiscible silicateliquids. In contrast ferrorichterite is a common mineral within metaluminous to peralkaline silicic rocks and probably crystallized from the Si-rich immiscible liquid .
Model of Formation
[30] The mesostases appear to result from silicateliquid immiscibility. The estimates for the magmatic conditions (i.e., pressure, temperature, relative oxidation state) and the bulk composition of the mesostases (i.e., sample C2-59) are consistent with petrological modeling of silicate-liquid immiscibility [Philpotts, 1982; Charlier and Grove, 2012] . We propose a fractionationimmiscible model to explain the features observed within the basalt pile at McKay Head.
[31] Basalt equal or similar to the composition MCK1 erupted (Figure 4a ) and began to crystallize augite and plagioclase (An 72 ) (Figure 4b ). The relative ×O 2 condition was at or near the FMQ buffer and the eruptive temperature was 1150 C. After augite and plagioclase crystallize (i.e., 30%), the residual liquid (i.e., 70%) composition is relatively enriched in Fe-Ti-P and meets the conditions suitable for silicate-liquid immiscibility (Figure 4b ). The Fe-rich immiscible liquid endmember, although not observed in this study, forms and crystallizes ferroaugite, plagioclase, stilpnomelane, and Fe-Ti oxide minerals whereas the Si-rich immiscible end-member has a bulk composition similar to mesostasis sample C2-59 but with a higher bulk Fe 2 O 3 t and TiO 2 composition before subsequent crystallization of sanidine, Fe-Ti oxide minerals and quartz 6 ferrorichterite ( Figure 4c ). The Fe-rich immiscible end-member is not observed because it is intermingled with parts of the mafic pegmatite and it appears Fe-rich mesostasis were not preserved. The granophyric layers are therefore mixtures of immiscible siliceous liquid and minerals derived from previous crystallization and postimmiscible separation crystallization. In some cases the granophyre layers may be up to 70% immiscible silicic material. The separation of the two silicate-liquids occurs within a small framework that was <10 cm thick and can represent 10-50% of an individual pegmatite layer. We conservatively estimate that the total volume of silicic material derived by immiscibility at McKay Head to be in the range of 300-400 m 3 assuming an average height of the granophyre layers (i.e., 8-9 layers) to be 0.04 m and using the dimensions of the outcrop, length of 100 m and width of 10 m Dostal, 1992a, 1992b] . The total volume of immiscible liquids is a small fraction (i.e., 1%) of the entire exposure (i.e., 3.4 3 10 4 m 3 ) at McKay Head however the identification of ''greater-thanmicron-scale'' evidence of silicate-liquid immiscibility suggests that, given a mechanism to concentrate the individual silicate-liquids, it may be a viable large-scale volcanic or plutonic process.
Conclusions
[32] The silicic mesostases within the basalt flows at McKay Head were formed by immiscible segregation from a parental magma which resembled continental flood basalt from the northern Central Atlantic Magmatic Province. The mafic pegmatite within the basaltic flows is composed of crystals which formed prior to immiscibility. The early crystallization of augite and plagioclase from the parental magma drove the residual liquid composition toward higher Fe-Ti-P concentrations. The ''granophyric layers'' within the basalt flows are actually mixtures of minerals (i.e., ilmenite, magnetite, ferroaugite, plagioclase, stilpnomelane, apatite) from the Fe-rich immiscible liquid and minerals (i.e., sanidine, quartz, ferrorichterite) and silicic mesostasis from the Si-rich immiscible liquid. The identification of silicate immiscibility at observable scales greater than micron level suggests that it could be a common feature of some continental flood basalts. However, the viability of silicate-liquid immiscibility as a large-scale process (i.e., meter-scale) capable of forming bimodal mafic-felsic volcanic and plutonic suites needs to be constrained further. 
